Ethanol changes sensitivity of Kupffer cells to endotoxin. Here, the hypothesis that interleukin-1 receptor-associated kinase (IRAK), a downstream signaling molecule of toll-like receptors, regulates the response to LPS in Kupffer cells after ethanol treatment was evaluated. C57BL/6 mice were given ethanol intragastrically, and LPS was injected 1 or 21 h later. One hour after ethanol treatment, serum transaminases after LPS were 60% of control, while ethanol increased these parameters about 3-fold 21 h after ethanol. Pretreatment with antibiotics blocked these effects of ethanol. In Kupffer cells from mice treated with ethanol 1 h earlier, LPS-induced TNF␣ production, and IRAK expression and activity and NFB were decreased 50 -60% of control. In contrast, in Kupffer cells from mice treated with ethanol 21 h earlier, LPSinduced TNF␣ production, expression and activity of IRAK were increased 1.5-fold over controls, while NFB was elevated 3-fold. These data indicate that ethanol-induced tolerance and sensitization of Kupffer cells to endotoxin in mice involve IRAK.
Gut-derived endotoxin plays an important role in alcoholic liver injury (1) and in human, it was shown that severity of ethanol-induced liver damage is correlated with the concentration of blood endotoxin (2) . Nanji et al. showed that plasma endotoxin levels increased in the chronic enteral ethanol feeding model (Tsukamoto-French) in the rat and that levels correlated well with pathology (3) . Intestinal sterilization with antibiotics (polymyxin B and neomycin) or inactivation of Kupffer cells with gadolinium chloride can prevent early alcohol-induced liver injury in the Tsukamoto-French model (4, 5) . Tumor necrosis factor (TNF) ␣, which plays a pivotal role in the inflammatory cytokine cascade, is also involved in early alcoholinduced liver injury. Indeed, treatment with antibody to TNF␣ prevented early alcohol-induced liver injury in the Tsukamoto-French model (6) . Alcohol-induced liver injury was also prevented in TNF␣ receptor-1 knockout mice given enteral ethanol intragastrically (7) . These results are consistent with the hypothesis that Kupffer cells activated by gut-derived endotoxin play an important role in the mechanism of alcoholinduced liver injury by producing TNF␣RI [reviewed in (1) ]. However, early after ethanol administration, Kupffer cells are inactivated (8 -11) . This ethanolinduced inactivation of Kupffer cells is not consistent with the hypothesis stated above and presents a paradox.
C3H/HeJ mice do not respond to LPS because of a mutation in the Toll-like receptor 4 (TLR4) gene (12) . TLR4 belongs to the Toll / IL-1 receptor family that shares a conserved cytoplasmic domain required for signal transduction (13, 14) . IL-1 receptor and TLR4 activate a common intracellular pathway composed of MyD88, Interleukin-1 receptor-associated kinase (IRAK), and TNF receptor-associated factor 6 (15, 16) . Moreover, IRAK expression is reduced greatly in LPS tolerant macrophages and deletion of IRAK disrupts several endotoxin-triggered signaling cascades (17, 18) . Li et al. have reported that LPS-induced tolerance to LPS is caused by reduction of IRAK in macrophage (17) . Therefore, it was hypothesized that ethanolinduced activation and inactivation of Kupffer cells is regulated by IRAK. Accordingly, the purpose of this study was to investigate if the paradoxical effect of ethanol on Kupffer cells involves IRAK. Indeed, etha-nol caused both tolerance and sensitization to LPS in murine Kupffer cells, phenomena which correlated with IRAK activity.
MATERIALS AND METHODS
Animal treatments and transaminase determinations. C57BL/6 mice weighing between 19 and 21 g were used for these studies, and all animals were given humane care in compliance with institutional guidelines. Mice were given ethanol (5 g/kg body weight) or vehicle (0.9% NaCl) by gavage before experiments (19, 20) . Some mice were treated for 4 days with 150 mg/kg/day polymyxin B and 450 mg/kg/ day neomycin to prevent growth of intestinal bacteria, the primary source of endotoxin in the gastrointestinal tract (21) . Blood was collected from the inferior vena cava, centrifuged, and serum was stored at Ϫ20°C in microtubes. Aspartate transaminase (AST) and alanine aminotransferase (ALT) levels in serum were measured by standard enzymatic procedures (22) . Liver samples were formalinfixed, embedded in paraffin, and stained with H&E for histopathological evaluation.
Kupffer cells preparation, culture and measurement of TNF␣.
Kupffer cells were isolated from mouse liver by collagenase digestion and differential centrifugation using Percoll (Pharmacia, Uppsala, Sweden) as described elsewhere with slight modifications (23) . Cells were seeded onto 24-well plates and cultured in RPMI 1640 media (GIBCO Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) and antibiotics (100 U/ml of penicillin G and 100 g/ml of streptomycin sulfate) at 37°C in the presence of 5% CO 2 . Nonadherent cells were removed after 1 h by replacing buffer, and cells were incubated for 24 h. Fresh media containing LPS (0 -100 ng/ml supplemented with 5% rat serum) was added and cells were incubated for an additional 4 h. Samples were collected and kept at Ϫ80°C until TNF␣ was measured using an enzymelinked immunosorbent assay kit (Genzyme Corp., Cambridge, MA).
Measurements of NFB activity. Nuclear extracts were isolated from mouse Kupffer cells as described by Dignam et al. (24) with minor modifications. Binding conditions for NFB were characterized and electrophoretic mobility shift assays (EMSA) were performed as described elsewhere (25) . Briefly, nuclear extracts (10 g) were preincubated for 10 min on ice with 1 g poly(dI-dC), 20 g bovine serum albumin (Pharmacia Biotech, Piscataway, NJ) and 2 l of 32 P-labeled DNA probe (10,000 cpm/l, Cerenkov) containing 1 ng of double-stranded oligonucleotide in a total volume of 20 l. Mixtures were incubated for 20 min on ice and resolved on 5% polyacrylamide (29:1 cross-linking) and 0.4ϫ TBE gels. After electrophoresis, gels were dried and exposed to X-OMAT LS Kodak films (Eastman Kodak, Rochester, NY). Data were quantitated by scanning autoradiograms with GelScan XL (Pharmacia LKB, Uppsala, Sweden).
Western blotting for IRAK. Kupffer cells (5 ϫ 10 6 ) isolated from mice were seeded on culture dishes. Cells were washed by PBS twice and lysed on ice for 10 min in 1 ml of lysis buffer (50 mM HEPES, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, 20 mM ␤-glycerophosphate, 1 mM orthovanadate, 1 mM sodium fluoride, 1 mM benzamidine, 5 mM para-nitrophenylphosphate, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1 mg/ml each of aprotinin, leupeptin, and pepstatin). Cell debris was pelleted by centrifugation for 20 min at maximum speed in a microcentrifuge. The protein concentration in the supernatant was determined using the Bio-Rad protein assay kit. Thirty micrograms of each sample was separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. Membranes were blocked with Tris-buffered saline-Tween 20 containing 5% skim milk, probed with an anti-IRAK antibody (Upstate Biotechnology, Inc., Waltham, MA), followed by a horseradish peroxidase-conjugated secondary antibody. Membranes were incubated with a chemiluminescence substrate (ECL reagent;
Amersham Life Science, Little Chalfont, UK) and exposed to X-OMAT films.
Measurement of IRAK activity. Cells were treated with LPS (100 ng/ml supplemented with 5% rat serum) for 15 min and whole cell lysates were prepared as described above. Equal amounts of protein (500 g) were used for immunoprecipitation. Six microliters of polyclonal anti-IRAK antibody was added to each sample and incubated at 4°C for 3 h. Twenty microliters of protein A/G-agarose beads (Santa Cruz Biotechnology, CA) were then added to each sample, followed by incubation for 2 h at 4°C. Samples were spun briefly (2500 rpm, 5 min) in a microcentrifuge and washed 4 times in lysis buffer followed by two washes with kinase buffer (20 mM HEPES, pH 7.6, 20 mM MgCl 2 , 20 mM ␤-glycerophosphate, 20 mM paranitrophenylphosphate, 1 mM EDTA, 1 mM sodium orthovanadate, and 1 mM benzamidine). Fifty microliters of kinase buffer was then added to each sample, supplemented with 5 M ATP, 1 g of myelin basic protein (Sigma), 1 l of [␥-32 P]ATP, and incubated at 37°C for 30 min. SDS sample buffer was added after incubation, and samples were subjected to SDS-PAGE analysis. The gels were dried and exposed to X-OMAT films.
RESULTS

Effect of Ethanol and LPS on Serum Transaminase Levels and Liver Histology
Ethanol (5 g/kg intragastrically) was administered to mice and LPS (15 mg/kg) was injected intraperitoneally at different time intervals for up to 24 h. Blood samples were collected 24 h following LPS injection, and serum AST and ALT levels were determined (Table 1). AST and ALT in controls treated with LPS were increased about 4-fold over controls without LPS. These values were lower when LPS was given 1 h after ethanol. In animals treated with ethanol, antibiotics and LPS, values were similar to control mice treated with LPS. However, in mice treated with LPS 21 h after ethanol administration, transaminases increased to the levels about 3-fold over control. Importantly, when mice were given antibiotics, these increases were blocked completely.
LPS caused slight neutrophil infiltration in the liver; however, these histological changes due to LPS were absent in mice 1 h after ethanol treatment (data not shown). Twenty-one hours after ethanol, LPS-induced infiltration of neutrophils increased dramatically.
Effect of Ethanol Treatment in Vivo on LPS-Induced Production of TNF␣ by Isolated Kupffer Cells
LPS-induced TNF␣ production by Kupffer cells isolated from untreated mice (circles) and mice treated with ethanol 1 h earlier (triangles) and 21 h earlier (squares) was measured (Fig. 1) . In the absence of LPS, TNF␣ production was minimal and not different between the groups studied. A dose-dependent increase in TNF␣ production was observed after exposure to 100 ng/ml LPS in all groups. TNF␣ production was increased about 5-fold over basal levels in control Kupffer cells treated with LPS. In Kupffer cells isolated from mice treated with ethanol 1 h earlier, TNF␣ production due to LPS was blunted to about 50% of values from control Kupffer cells. On the other hand, in cells from mice exposed to ethanol 21 h earlier, LPSinduced TNF␣ production was increased more than 1.5-fold over values from control Kupffer cells.
Effect of Ethanol on NFB
DNA binding activity of NFB was measured in nuclear extracts from Kupffer cells incubated with LPS (100 ng/ml) for 1 h by electrophoretic mobility shift assays (Fig. 2) . LPS activated NFB in Kupffer cells isolated from control mice about 2-fold over untreatedcontrol Kupffer cells. Activation of NFB by LPS in cells from mice 1 h after ethanol treatment was blunted to about 50% of controls, while LPS-induced activation of NFB in cells from mice treated with ethanol 21 h earlier was about 3-fold higher than in the LPS-treated control group.
Effect of Ethanol on LPS-Induced Activation of Interleukin-1 Receptor-Associated Kinase
Whole cell lysates were prepared from Kupffer cells from ethanol-treated mice and Western blotting was performed for IRAK (Fig. 3A) . As expected, Kupffer cells from control mice expressed IRAK; however, the expression was decreased by about 40% in Kupffer cells isolated from mice treated with ethanol 1 h earlier. In contrast, IRAK protein level was increased about 1.5-fold in mice treated with ethanol 21 h earlier. Kupffer cells isolated from ethanol-treated mice were incubated for 15 min after addition of LPS (100 ng/ml) and whole cell lysates were analyzed by in vitro kinase assays (Fig. 3B) . LPS increased IRAK activity about 
FIG. 2.
Effect of ethanol on activation of NFB due to LPS. Animals were exposed to alcohol (ETOH) and the binding activity of NFB was determined as described under Materials and Methods. Data are results of densitometric analysis of NFB-DNA complex images. Densitometric analysis was carried out as described under Materials and Methods. Values are means Ϯ SEM (n ϭ 4). *, P Ͻ 0.05 compared with control; #, P Ͻ 0.05 compared with LPS treatment alone; ##, P Ͻ 0.05 compared with LPS treatment alone, by ANOVA on ranks with Dunn's post-hoc test.
2-fold over that in untreated control Kupffer cells. In Kupffer cells from mice treated with ethanol 1 h earlier, IRAK activity was blunted to levels about 50% of LPS-treated control. In contrast, LPS increased IRAK activity in Kupffer cells from mice treated with ethanol 21 h earlier about 1.5-fold.
DISCUSSION
Paradoxical Effect of Ethanol Involves Both Tolerance and Sensitization
Short-term administration of ethanol has been reported to decrease production of TNF-␣ and superoxide (26, 27) , which is inconsistent with the hypothesis that activation of Kupffer cells is important in alcoholinduced liver injury (1) . In this study, tolerance and sensitization to LPS after acute ethanol administration was demonstrated in C57BL/6 mice ( Table 1) . Both of these effects were completely blocked by intestinal sterilization with antibiotics, indicating that gutderived endotoxin is involved in these phenomena. Moreover, TNF-␣ production by Kupffer cells due to LPS correlated with liver damage (Fig. 1) . These findings are consistent with a previous report by Enomoto et al. using rats (28) , which showed that CD14 and LBP expressions correlate with the response to LPS in the liver after acute ethanol. These findings most likely explain the paradox that administration of ethanol can both activate and inactivate Kupffer cells; however, the intracellular signaling mechanisms underlying this important phenomenon have not been studied extensively. In this study, therefore, the effect of acute ethanol on IRAK and NFB, which are involved in downstream signaling, was evaluated.
Mechanism of Ethanol-Induced Tolerance to LPS
Kupffer cells from mice 1 h after ethanol treatment produced less TNF-␣ in the presence of LPS as compared to controls (Fig. 2) . This phenomenon appears to be responsible for tolerance to LPS. Here, it was demonstrated that IRAK protein levels and its kinase activities in Kupffer cells were down-regulated 1 h after ethanol administration. It is likely that decreasing protein levels of IRAK blunted LPS-induced increases in IRAK activity. It is also possible that changes in upstream signal molecules including CD14 and TLR4 are involved in this decrease in in vitro kinase activity of IRAK. Indeed, it was reported recently that LPS downregulates TLR4 expression in macrophages (29) , suggesting that increases in portal endotoxin after ethanol administration might decrease TLR expression in Kupffer cells. Importantly, down-regulation of IRAK activity 1 h after ethanol blunts NFB activation due to LPS, leading to decreased levels of transcription of TNF-␣ mRNA. It is concluded, therefore, that decreased levels of IRAK protein and kinase activity most likely explain the mechanism of tolerance to LPS in Kupffer cells 1 h after ethanol administration.
Mechanism of Sensitization to LPS by Ethanol
In sharp contrast, Kupffer cells from mice treated with ethanol 21 h earlier produced significantly higher TNF-␣ as compared to controls (Fig. 2) , which is responsible for the sensitization to LPS under these conditions. Interestingly, IRAK protein levels and its kinase activities were also up-regulated in Kupffer cells 21 h after ethanol administration. Since it has been reported that expression of CD14 is up-regulated in Kupffer cells 24 h after ethanol in the rat (28) , in- creases in LPS-induced IRAK activities in this study can be explained, in part, by up-regulation of CD14 due to ethanol. It is postulated that ethanol treatment 21 h earlier increases IRAK protein and kinase activities in Kupffer cells, leading to the augmented activation of NFB, thereby up-regulating TNF-␣ production in these conditions.
In conclusion, acute ethanol altered the expression of IRAK protein and its activities in Kupffer cells in a biphasic manner which correlated with tolerance and sensitization to LPS. IRAK most likely modulates the response to LPS after acute ethanol in cooperation with the changes in LPS receptors and other intracellular signaling molecules.
